We reinvestigated the parameter space favouring the 4-body decay of the lighter 
Introduction
The mass of the lighter top squark ( t 1 ), superpartner of the top quark in the standard model (SM) may turn out to be below the top quark mass. This happens in a wide region of the Supersymmetry (SUSY) parameter space both in the minimal Supergravity (mSUGRA) model and in the Minimal Supersymmetric Standard Model (MSSM). It could even be the next lightest supersymmetric particle (NLSP), the lightest neutralino ( χ 0 1 ) being the lightest supersymmetric particle (LSP) by assumption. Being the lightest among the strongly interacting sparticles with a relatively large cross-section compared to other sparticles, the lighter top squark may show up in direct searches at Tevatron Run-II. In our convention, t 1 = t L cos θ t + t R sin θ t and t 2 =-t L sin θ t + t R cos θ t , where θ t is the mixing angle and t 2 is the heavier top squark. The top quark mass (m t ) appears in the off-diagonal elements of the top squark mass matrix. So, the top squark mass (m t 1 , m t 2 ) and the mixing angle depend on the input value of the top quark mass.
In the top squark-NLSP ( t 1 -NLSP) scenario (i .e. , m χ 0
), t 1 has few allowed decay modes in the R-parity conserving (RPC) SUSY model. They are the Flavor Changing Neutral Current (FCNC) induced loop decay, t 1 → c χ So far most of the t 1 -NLSP searches at Tevatron Run-I and at the Large Electron Positron (LEP) collider have been performed assuming 100% BR of the loop decay 2 , leading to the signal: jets + missing energy (E / T ). The most stringent constraint comes from the Tevatron Run-I experiments [5] . However, the above assumption becomes unrealistic, if t 1 has other decay modes with comparable widths. This possibility exists in a large region of the SUSY parameter spaces in both the models mentioned above. The 4-body decay and the loop decay in RPC models may have decay widths of the same order of magnitude in a wide region of the parameter space [2] .
An interesting feature of all supersymmetric models is the prediction of the existence of at least one light Higgs boson [6] . So far the LEP and Tevatron Run-I experiments found no significant evidence in favor of a light Higgs boson. The direct searches from the four LEP experiments concluded that the lighter Higgs boson must be heavier than 114. 4 GeV at 95% C.L. [7] . Generally this bound depends on the value of sin 2 (β − α), where β and α are the ratio of the vacuum expectation values (VEVs) of the two Higgs doublets and the mixing angle in the CP-even Higgs mass matrix respectively. However, the Higgs boson mass bound is 114.4 GeV when sin 2 (β − α) ≃ 1. We have found that this factor is indeed ≃ 1 for the 2 Recently the D∅ collaboration [3] and the ALEPH collaboration [4] looked for the t 1 → b χ
with special assumptions about its BR.
parameter space interesting for us. This Higgs mass bound is directly applicable in SUSY when the CP-odd Higgs boson (M A ) mass is very large compared to Z-boson mass (M Z ), i .e. , M A >> M Z , commonly known as the decoupling limit.
In SUSY the mass of the light Higgs boson at tree level is given by,
Eqn.1 shows that m h 0 < ∼ M Z at the tree-level. But radiative corrections involving top quark and squarks ( t) in the loop show that m 2 h 0 grows like G F m 4 t where G F is the Fermi coupling constant. The loop corrections from bottom quark and squarks ( b) are also sizable for large values of tan β and µ [8] , where µ is the Higgs mass parameter in the superpotential. We shall discuss the Higgs mass as a function of the SUSY model parameters in section 2.
Theoretically the mass of the lightest CP-even Higgs boson is bounded from the above:
GeV. This bound has been obtained by including radiative corrections up to two loop level [9, 10, 11, 12, 13, 14] . So, m h 0 is expected to lie within 114.4 GeV
It is clear from the loop decay width [1] that besides a large logarithmic factor, the mixing between t 1 and c L are proportional to tan 2 β . It is , therefore, relatively suppressed at small tan β. So, at small tan β the 4-body decay BR's of the lighter top squark is expected to be large compared to loop decay. This has been shown in [2, 15] . It has also been shown that the t 1 searches in the 4-body leptonic decay channel is especially promising for 3 < ∼ tan β < ∼ 5 at the upgraded Tevatron [15] . However, in general the radiative corrected m h 0 increases with tan β. So, what happens to the parameter spaces favourable for t 1 searches in the 4-body decay channel if the Higgs mass bound is invoked? We are addressing this issue in this paper.
The input value of top quark mass in this paper is important for two reasons. Firstly, it changes the the t 1 -NLSP regions as well as the 4-body decay BR for a particular choice of SUSY model parameters. Secondly, the radiative corrections to the Higgs mass due to top quark and top squarks loops are dominant in general. Before going into the numerical discussions let us briefly mention the current status of the top mass measurement. From the combination of published Tevatron Run-I and preliminary Tevatron Run-II data, the present world average for the top quark mass is m t = 172.7 ± 2.9 GeV [16] . Since there is considerable uncertainty in m t we shall consider in this paper two representative values: i) m t =178 which is on the higher side of the currently allowed range and is expected to yield relatively large m h 0 for fixed values of other SUSY parameters and ii) 172.7 GeV which is the central value of the Run-I and Run-II average.
The plan of the paper is as follows. In section 2, we discuss the numerical tools for calculating the sparticle masses and lightest CP-even Higgs boson mass. The subsection 2.1 and 2.2 are devoted to the phenomenological discussions of the lighter top squark 4-body modes respectively in mSUGRA and MSSM models consistent with the lighter CP-even Higgs boson mass limit from LEP experiments. We shall conclude in section 3.
Numerical Analysis :
We have studied the t 1 -NLSP regions, contours of its 4-body decay BR's in regions of the parameter space with allowed lightest CP-even Higgs boson mass. The sparticle spectrum in mSUGRA has been calculated using ISAJET v7.48 [17] . The sparticle spectrum in MSSM has been calculated using our own codes. The Higgs mass has been calculated using SUSPECT v2.33 [18] in both the models using full one loop and dominant two loop contributions to the self energy corrections in the SUSY Higgs mass matrix in the Dimensional Reduction (DR) scheme.
The supersymmetric radiative corrections to the particle (top, bottom,tau) and sparticles masses ( squarks and gauginos ) have also been incorporated. We have set the following input values in SUSPECT v2.33 at the weak scale(M weak ):
The CP-odd Higgs mass (M A ) and µ, the higgsino mass parameter are treated as inputs in MSSM in this paper.
All masses and mass parameters in this paper are in GeV.
The magnitude of µ can be constrained from the radiative electroweak symmetry breaking (REWSB) conditions which produce the observed Z-boson mass. Minimizing the Higgs potential with radiative corrections [19] one obtains
and
, where m Hu , m H d are the soft Higgs mass parameters at M weak and ∆ R is the radiative correction. This REWSB criterion restrict the |µB| and |µ| at M weak and leaves the sign(µ) as a free parameter in mSUGRA. One can trade the parameter B for tan β (ratio of Higgs VEVs). Eqns.2 and 3 are also valid in MSSM but for arbitrary soft masses. The soft SUSY breaking terms cannot have arbitrary values at M weak in mSUGRA. The soft terms are renormalization group equation(RGE) driven from high scale inputs like the common scalar sfermion mass. The trilinear couplings at M weak can also be computed from a common input value at the Grand Unification theory (GUT) scale (M G ) using the RGE. The soft terms are treated as independent inputs in MSSM which we shall discuss in the subsection 2.2 .
However, in both the models one can show that a deep charge-color-breaking (CCB) minima [20, 21] appears in the scalar potential at M weak unless
where A t , A b and A τ are the trilinear soft parameters of the top squark, bottom squark and tau slepton sector respectively. In our analysis we have considered the ranges of model parameters such that the CCB minima [20, 21] 
The mSUGRA model:
The input model parameters of mSUGRA at the GUT scale (M G ) are the following. The common scalar mass (m 0 ), the common gaugino mass (m 1/2 ), the tri-linear scalar coupling term (A 0 ), tan β and sign of µ (the higgsino mass parameter) [22] . The magnitude of µ is fixed by the radiative electroweak symmetry breaking condition (REWSB) [19] and depends on the input top quark mass 3 . Since the NLSP nature of the t 1 is very crucial for our work, we have demarcated different regions in the parameter space where t 1 becomes the NLSP. A detailed discussion is given in sec.II of [15] If m 0 >> m 1/2 , the gauginos are naturally light. This disfavours the t 1 -NLSP scenario. For m 1/2 >> m 0 , on the other hand, one may require large |A 0 | for this scenario. However, for such high values of |A 0 | there may be violation of the CCB conditions, see Eqn.4. So, in our analysis we focused on m 0 ∼ m 1/2 regions. However, the t 1 -NLSP is quite common in many regions of the parameter space in the unconstrained MSSM since the soft breaking parameters are arbitrary. We shall discuss it in the next section.
For each tan β there is a range of |A 0 | ( |A 0 | min < |A 0 | < |A 0 | max ) which corresponds to the t 1 -NLSP (see Fig.1 ). Otherwise τ 1 or χ 0 2 or χ ± 1 happen to be the NLSP and t 1 direct decays into other sparticles via 2-body or 3-body decay channels. For |A 0 | > |A 0 | max , t 1 becomes the LSP which is forbidden. On the other hand if |A 0 | < |A 0 | min for the given set of mSUGRA parameters, t 1 becomes heavier than the lighter chargino and the t 1 -NLSP condition is violated. We next concentrate on those values of A 0 where the 4-body BR is appreciable, i .e. , the chargino virtuality is small. Thus a limited range of A 0 with |A 0 | ∼ |A 0 | min is interesting.
The off-diagonal terms in the top squark mass matrix have the form (A t -µ tan β ). So as long as A t at M weak and µ have opposite signs the NLSP scenario is favored.
For m t =178, the t 1 -NLSP is realized in a large regions of the parameter space ( see Fig.1 ). The BR of the 4-body decay is appreciable for relatively low value of tan β. However, for m 0 = 200, m 1/2 = 145 the whole parameter space is disfavoured by the Higgs mass constraints (see the left panel of Fig.1 ). For m 0 = 140, m 1/2 = 180 the total 4-body decay BR can be at most 20% if the Higgs mass constraints is imposed (see the right panel of Fig.1 ). It should also be noted that for a fixed m 0 , m 1/2 cannot be very large because that leads to other instabilities of the scalar potential [21, 23] .
We have shown the variation of m t 1 (m h 0 ) as a function of A 0 in the left(right) panel of Fig.2 . The t 1 -NLSP criterion is relaxed for this particular figure. However, the range of m t 1 satisfying the t 1 -NLSP condition can be easily found by comparing with the right panel of In [15] , we have discussed the t 1 search prospects at Tevatron Run-II in the one lepton with 2 or more jets accompanied by a large amount of missing energy (E / T ) channel assuming m t =175. This signal topology arises from the pair production of the lighter top squark followed by the 4-body decay of one lighter top squark leptonically ( t 1 → b χ [15] ), is adequate for detection at Tevatron Run-II through the 4-body decay mode. From this analysis we find that such leptonic BRs cannot be realised at least in the mSUGRA model even for m t =178. The t 1 search prospects in this channel should be worse for lower values of the top quark mass. The t 1 mass limits from LEP and Tevatron Run-I assuming 100% BR of the loop decay of t 1 are, therefore, approximately valid in the context of mSUGRA. However, if this SUSY breaking mechanism is established, say by the measurement of sparticle masses at the Large Hadron Collider (LHC), then it will be interesting to look for the 4-body decay as a rare decay mode of t 1 both at LHC and International Linear Collider (ILC).
We have shown some points in the parameter space excluded by the CDF limits on m t 1 in both Fig.1 (left panel) and 3 using the heavy dotted square. For each of these points m χ 0 1 ≃ 51 GeV, m t 1 < ∼ 102 GeV and 4-body BR < ∼ 10%. It is heartening to note that even rather modest statistics from Tevatron Run-I can already put constraints on A 0 which is difficult to constrain from other measurements. However, the CDF excluded points are already ruled out by the Higgs mass constraint in the context of mSUGRA.
The MSSM model:
In the universal gaugino mass scenario, the SU(2) gaugino mass parameter (M 2
To calculate m t 1 and m h 0 in MSSM, we use the input parameter X r , where
mũ L and mũ R are the soft SUSY breaking mass parameters for the first generation left and right squark respectively at the weak scale. In our analysis the first generation left and right handed squark mass parameters are assumed to be same,
The slepton sector is also treated identically, i .e. , m e L = m e R ≡ m l . These assumptions can be motivated by a mSUGRA type model with a universal squark mass at M G but arbitrary Higgs mass parameters. However, for the third generation squarks this equality may not hold due to the RG running driven by the Yukawa terms. Moreover, the SU(2) L invariance structure require m b L =m t L and m ν L =m ℓ L , neglecting the D-term contributions. In this paper the right and left squarks soft masses of the third generation have been assumed to be equal to that of the first generation squarks incorporating the corresponding fermion masses, the D-terms and etc.
For a given µ, tan β, m q and X r , the trilinear soft breaking mass parameters (A t ) of the top squark sector can be calculated from Eqn.5. The same parameter for bottom squark (A b ) and tau slepton (A τ ) sectors are treated as free input parameters. Using these inputs the third generation squark and slepton masses and mixing angles can be calculated.
We have used the CP-odd Higgs mass (M A ) and µ as the free parameters in SUSPECT v2.33 to calculate the lighter CP-even Higgs boson mass. Assuming proper Electro-Weak Symmetry Breaking (EWSB), the Higgs scalar mass squared parameter can be written as:
Hu can be calculated from Eqn.2. However, care has been taken to preserve the CCB condition, see Eqn.4.
Due to the presence of large number of free parameters in the MSSM we considered two important parameters at once while keeping the rest fixed.
• X r -tan β
The off-diagonal terms in the top squark mass matrix have the form m t X r m q . So, the masses and the mixing angles of the top squark sector are controlled by these three parameters. For negative X r , the m t 1 and m t 2 are exactly the same as that for positive X r . The mixing angle may be changed depending on the relative magnitude of the diagonal terms in the top squark mass matrices. However, for the common squark mass scenario the lightest CP-even Higgs boson mass is approximately same for positive and negative X r .
The m t 1 (m h 0 ) as a function of X r has been shown in the left(right) panel of Fig.4 , where the t 1 -NLSP criterion is not imposed. See the figure caption for other MSSM model parameters and the top mass. For different tan β, for example 5,15 and 25, m t 1 is almost the same. So, for a representative choice we have plotted only for tan β=15. The calculated m t 1 is almost insensitive to the input value of m t as can be seen from the Fig.4 .
The lighter CP-even Higgs mass has a periodic dependence on X r . For a given X r , if tan β increases the Higgs mass also increases. For tan β=5(15) and m t =172.7, m h 0 > ∼ 114.4 for X r ≃2.0(1.5).
For each tan β there is a range of X r ( |X r | min < |X r | < |X r | max ) which corresponds to the t 1 -NLSP. For |X r | > |X r | max , the mixing is so large that t 1 becomes the LSP which is forbidden 5 . If one increases X r further, the CCB minima of the vacuum occurs. If |X r | < |X r | min , t 1 becomes heavier than τ 1 or χ 0 2 or χ ± 1 and the t 1 -NLSP condition is violated. The χ ± 1 -NLSP condition can be avoided by properly choosing M 2 or µ for a given tan β. Similarly τ 1 or ν-NLSP can also be avoided by adjusting common slepton mass (m ℓ ) for a given trilinear soft breaking mass parameters. We next look for those values of |X r | where the 4-body BR is appreciable and m h 0 is expected to be greater than 114.4. Thus a limited range of |X r | with |X r | ∼ |X r | min is interesting.
We have performed the phenomenological analyses for positive X r only. The results and conclusion equally hold for negative X r . The magnitude of A t depends on the relative sign of µ and X r , see, Eqn.5. So, care should be require while taking the CCB criterion in the top squark sector.
We have demarcated the t 1 -NLSP regions in X r − tan β plane in the left(right) panel of It has been discussed at length in [2, 15] that the 4-body total BR and the leptonic BR tend to be larger when m t 1 -m χ when X r ≃ 1.4 for this particular parameters. Now for low tan β, the 4-body decay BR is appreciable and overwhelms the loop decay BR (see Fig.5 ). We have plotted a few total 4-body decay BR contours (e.g. , 10%,30%,50% and 90%) and 20% leptonic 6 4-body BR contour in the X r -tan β plane. We found that t 1 search in ℓ + n − jets + E / T channel is possible inspite of the Higgs boson mass bound even for m t =172.7 (see the left panel of Fig.5 ).
If we decrease the common squark mass m q from 400 to 350, the diagonal terms in the top squark mass matrix are reduced. So, relatively low values of X r are required to get the t 1 -NLSP regions. We also found that for m q =350 ranges of X r where m h 0 > ∼ 114.4. As both m q and X r are decreasing, A t also decreases for fixed value of µ and tan β see, Eqn.5. So the CCB criterion in the top squark sector , Eqn.4, is unaffected.
It is clear that 10% total 4-body BRs can be achieved even at tan β ≃ 24 for m t =172.7 or 178( see Fig.5 ). The total 4-body BR can be as large as 90% for tan β ≃ 9. Each BR contour shows that when X r is increasing the tan β is decreasing. For large X r , m t 1 decreases and the chargino and/or slepton virtuality becomes large. In this case the 4-body decay width is suppressed. So, to keep the 4-body BR appreciable the loop decay width also needs to be suppressed. This can generally happen at small tan β. We have also plotted the 20% leptonic 4-body BR contour, see the figure caption. It is clear from Fig.5 that the t 1 search prospects in ℓ + n − jets + E / T channel [15] at Tevatron Run-II is promising inspite of the Higgs mass bound for m t =178 as well as m t =172.7.
It is expected that the upcoming collider searches will either discover the Higgs boson or push its bound upward. We would like now to comment on t 1 searches in this context. • X r -M A We have shown the t 1 -NLSP regions, a few 4-body BR and m h 0 contours in the X r -M A plane for m t =172.7 and tan β=5(9) ( see the left(right) panel of Fig. 6 ). The other MSSM model parameters are mentioned in the figure caption.
The lighter top squark mass is almost independent of M A if the other MSSM parameters are fixed. So, the t 1 -NLSP regions remains the same when M A is varied for fixed X r . The input value of M A can affect the CCB breaking condition in the top squark sector through the EWSB conditions. However, the CP-even Higgs boson mass is crucially dependent on M A . The lighter CP-even Higgs boson mass is rather insensitive to M A when M A >> M Z for fixed value of X r as can be seen from Fig.6 . On the other hand M A has a nontrivial impact on the loop decay width, see, [1] . For a fixed X r if M A increases the loop decay width also increases. However, the 4-body decay width is insensitive to M A . So, for large M A the total 4-body BR decreases for a given X r ; see the BRs contours in Fig.6 .
We find that the total 4-body BR (leptonic BR) can be as large as 90%(20%) for the whole range of M A for tan β=5. However, from the Higgs boson mass bound the total 4-body BR (leptonic BR) ≃ 90%(20%) is allowed if M A > ∼ 300(400) and X r < ∼ 2.17(2.08) for tan β=5 (see the left panel of Fig.6 ).
For tan β=9, in the entire t 1 -NLSP region in 
Conclusions
The lighter top squark turns out to be the NLSP over a large region of the supersymmetric parameter space both in constrained and unconstrained models like mSUGRA and MSSM respectively. In the R-parity conserving model the t 1 -NLSP has two competing decay modes for the top squark mass reach at the Tevatron Run-II. They are the FCNC loop induced t 1 → c χ ′ . These two decay modes may have comparable decay widths over a large regions of parameter spaces in both the models [2] . However, for low tan β the loop decay width is suppressed which eventually enhances the 4-body decay BRs. The pair production of top squark followed by the 4-body decay of one top squark in the leptonic mode and other in the hadronic mode leads to ℓ + n − jets + E / T signature at the Tevatron Run-II. In [15] we found that the t 1 search prospects in this particular signal topology is especially promising for 3 < ∼ tan β < ∼ 7 in mSUGRA. However, in MSSM the prospects may be better even for larger value of tan β.
An interesting feature of all SUSY models is the prediction of at least one light Higgs boson. The most recent mass bound of the lightest CP-even Higgs boson mass is 114.4 GeV obtained from the direct Higgs searches at LEP. Theoretically the magnitude of loop corrected Higgs mass is controlled by large number of soft breaking mass parameters. For low tan β the leading contributions come from the top and top squark loop. The bottom quark and bottom squark loop corrections are significant for large tan β and µ.
The masses of t 1 and m h 0 are crucially depend on input value of m t . We have considered the current world average central value of m t which is m t =172.7. We have also considered m t =178 which is 2σ away from the central value. We have shown the variation of Higgs boson mass as a function of model parameters for different tan β and for m t =172.7 and/or 178 in both the model. It has been found that the Higgs boson mass is large for large tan β for a given m t . It may even increases if m t increases. We found m h 0 happens to be Similarly, for m 0 = 140, m 1/2 =180 and sign(µ) > 0, the maximum total 4-body BRs ≈20% is allowed from the Higgs boson mass bound for m t = 178.
In the m 0 − m 1/2 plane, for A 0 =-630, sign(µ) > 0 and m t =178, the maximum 4-body BRs can be as large as 60%(10%) for tan β=5 (9) . For tan β = 5 the whole t 1 -NLSP region is ruled out from the Higgs boson mass bound. For tan β = 9, the total 4-body BRs can be at most 10% consistent with the Higgs mass constraint.
We have also excluded small regions in A 0 − tan β and m 0 − m 1/2 plane from the CDF limits on t 1 search in the jets+E / T channel. These points are also ruled out by the Higgs mass bound.
We have seen that the t 1 search prospects is not promising in the t 1 4-body decay channel from the Higgs boson mass constraint even for m t =178 in mSUGRA. One can conclude that the prospects are even worse for m t =172.7. Thus the main interest in this decay channel in the context of mSUGRA would be to observe it as a rare decay mode at the LHC or the ILC. Moreover, the existing bounds on m t 1 obtained by assuming 100% BR of the loop decay are approximately valid in the context of mSUGRA.
We have used a parameter X r as an input in the context of MSSM. The t 1 -NLSP regions and the Higgs boson mass pattern can be easily followed once X r is varied. We have found that for a given tan β, there is a range of X r for which t 1 becomes the NLSP. We have also shown the variation of m h 0 and m t 1 as a function of X r for m t = 172.7 and/or 178 and tan β = 5,15 and 25. For a fixed X r , if tan β increases m h 0 also increases. If m t = 172.7, the constraint on m h 0 is satisfied for X r > ∼2. (1.5) when tan β=5(25). Interestingly large values of X r simultaneously satisfy the t 1 -NLSP criterion as well as the Higgs boson mass constraint.
We have shown a few total 4-body BR contours and 20% leptonic BR regions in the X r − tan β and X r − M A plane. We have also plotted several Higgs boson mass contours.
The total 4-body BRs can be as large as 90% in the X r − tan β plane even for tan β ≈ 9 consistent with the Higgs boson mass for m t = 172.7 and 178. We found that the total 4-body BR In the X r − M A plane we considered m t =172.7 and tan β=5 and 9. We found the total 4-body BR (leptonic BR) ≃ 90%(20%) is allowed if M A > ∼ 300(400) and X r < ∼ 2.17(2.08) from the Higgs boson mass bound for tan β=5. However, for tan β=9 the total 4-body BR (leptonic BR) ≃ 90%(20%) occurs when M A < ∼ 500 and X r < ∼ 2.025. We found the total 4-body BR can be as large as 90% even for m h 0 ≃115(117) in rather restricted regions of the parameter spaces for tan β=5 (9) .
In conclusion we reiterate that the bounds on m t 1 from Tevatron requires revision derived by assuming the complete dominance of the loop decay of t 1 in the context of MSSM. This is true even through the strong constraint on m h 0 from LEP squeezes the parameter space which favours the competing 4-body decay of t 1 . Based on our earlier analyses we conclude that it could still be the main discovery channel for t 1 at both Tevatron Run-II and LHC. As future strategies for the discovering t 1 are planned, attention should be paid to the lighter CP-even Higgs boson search. If its mass bound is significantly improved the interest in the 4-body decay would be to look for it as a rare decay. It is expected that the Higgs boson may show up at an early stage of LHC experiments and, at least, some preliminary information on its mass will be available. This information will finally decide the viability of t 1 search in the four body decay channel. 
